W ith the aging of the population, dementia has become a major threat to public health worldwide. 1 The rate of obesity is also increasing, with a parallel increase in the rate of diabetes. 2 The results of studies assessing the association between obesity or diabetes and the risk of dementia have been mixed. 3, 4 It is imperative to understand the potential consequences of the obesity and diabetes epidemics for the incidence of dementia. 5 Any effects that obesity has on the risk of dementia are likely to include effects on metabolism. We evaluated extensive longitudinal clinical data from a prospective cohort with research-quality case ascertainment to test the hypothesis that glucose levels are associated with the risk of dementia.
ME THODS

Participants
The Adult Changes in Thought (ACT) study 6 initially included 2581 randomly selected dementiafree members of the Group Health Cooperative (hereafter referred to as Group Health), a health care system in Washington State. Participants had to be 65 years of age or older at the time of enrollment, which occurred from 1994 through 1996. An additional 811 participants were enrolled between 2000 and 2002. Participants were invited to return at 2-year intervals for the purpose of identifying incident cases of dementia. The sample for the current study was limited to 2067 participants who had at least one follow-up visit, had been enrolled in Group Health for at least 5 years before study entry, and had at least five measurements of glucose or glycated hemoglobin (measured as hemoglobin A 1c or as total glycated hemoglobin, with the latter measurement reflecting an older hemoglobin assay) over the course of 2 or more years before study entry. The demographic characteristics of the ACT study participants who were included in the current study and those who were excluded were similar, although several clinical characteristics were more common among participants in the current study (see Table S1 in the Supplementary Appendix, available with the full text of this article at NEJM.org).
Study Oversight
The study procedures were approved by the institutional review boards of Group Health and the University of Washington, and participants provided written informed consent. The first three authors vouch for the accuracy of the study and the completeness of the data and analysis. Author responsibilities are discussed in the Methods S7 section in the Supplementary Appendix.
Identification of Dementia
Study participants were assessed for dementia every 2 years with the use of the Cognitive Abilities Screening Instrument, for which scores range from 0 to 100 and higher scores indicate better cognitive functioning. 7 Patients with scores of 85 or less underwent further clinical and psychometric evaluation, including a battery of neuropsychological tests (see the Methods S1 section in the Supplementary Appendix). The results of these evaluations and laboratory testing and imaging records were then reviewed in a consensus conference. Diagnoses of dementia 8 and of probable or possible Alzheimer's disease 9 were made on the basis of research criteria. Dementia-free participants continued with scheduled follow-up visits. The incidence date for dementia was recorded as the halfway point between the study visit at which dementia was diagnosed and the previous visit. 6
Risk Factors Assessed
Glucose Levels
Clinical data, including measurements of fasting glucose, random measurements of glucose, and measurements of glycated hemoglobin, were captured as computerized laboratory data from 1988 onward. We transformed values for total glycated hemoglobin to hemoglobin A 1c values using this formula: hemoglobin A 1c = (0.6 × total glycated hemo globin) + 1.7. We then transformed the calculated hemoglobin A 1c values to daily average glucose values with this formula: daily average glucose = (28.7 × hemoglobin A 1c ) -46.7. 10 We combined the recorded glucose values and daily average glucose values derived from glycated hemoglobin values using a hierarchical Bayesian framework (see the Methods S2 section in the Supplementary Appendix) to compute a time-varying estimate of the average glucose level for each participant. This approach creates an estimate of glucose level, weighted by the precision of the measures for glucose and glycated hemoglobin and stabilized with the use of a shrinkage factor to account for the instability of the estimation for participants with relatively few observations. We computed average glucose levels for each participant at study base-line and subsequently in 5-year rolling windows. Our approach to measurement was closely correlated with a simpler way of estimating glucose exposure (see the Methods S3 section and Fig. S6 in the Supplementary Appendix). The analysis included data from study participants for all time frames in which at least one measurement of glucose or glycated hemoglobin was available. Our secondary analyses explicitly considered more recent exposure (average glucose level in the preceding 5 years) as compared with more distant exposure (average glucose level in the period between 5 and 8 years earlier).
Diabetes
We classified participants as having treated diabetes on the basis of diabetes-related medication data from Group Health pharmacy records (Table S2 in the Supplementary Appendix). At least two filled prescriptions per year were required for the classification, with the onset date for treated diabetes defined as the date when the second prescription was filled. Once a participant was classified as having treated diabetes, the classification was retained for the remainder of the study.
Apolipoprotein E Genotype
Data on apolipoprotein E (APOE) genotype were available for 1818 participants (88%). APOE status was determined with the use of published methods 11, 12 and categorized as the presence or absence of any ε4 alleles.
Other Risk Factors
Risk factors with the potential to confound the relation between glucose levels and dementia were defined with the use of ACT study and Group Health data sources (see the Methods S4 section in the Supplementary Appendix). Exercise level was assessed with the use of questions about types of physical activity and the number of times each was performed in a week. These numbers were totaled, and those who exercised 3 or more days per week were categorized as having regular exercise, as previously reported. 13 At each study visit, a research staff member administered a questionnaire that asked participants about their smoking status and whether a doctor had told them they had coronary artery disease, cerebrovascular disease, or hypertension. Blood pressure, measured while the participant was seated, was determined as the average of two measurements on the left arm, with a 5-minute rest period between measurements. Atrial fibrillation was determined with the use of codes 427.3, 427.31, and 427.32 from the International Classification of Diseases, 9th Revision, in accordance with procedures at Group Health. Treatment for hypertension was determined on the basis of Group Health pharmacy data (Table S3 in the Supplementary Appendix).
Statistical Analysis
We used stratified Cox regression models with empirical standard errors to examine the relation between glucose level and incidence of dementia. Age was used as the time axis. Stratification was based on status with respect to diabetes and cerebrovascular disease, which allowed for different baseline hazard functions across these strata in the estimation of model parameters. We controlled for age at study entry, study cohort, sex, educational level, exercise level, blood pressure, and status with respect to coronary artery disease, atrial fibrillation, smoking, and treatment for hypertension.
Glucose levels were incorporated in models with the use of natural cubic splines 14 (see the Methods S8 section in the Supplementary Appendix) to allow for a nonlinear association between glycemia and risk of dementia as measured by the log hazard. Separate splines were used in accordance with diabetes status. The statistical significance (at the 0.05 level) of the association between glycemia and risk of dementia was estimated with the use of two-sided Wald tests of the composite hypotheses that all model parameters associated with the splines were equal to 0 (omnibus tests; α = 0.05). We assessed the proportional hazards of covariate effects by testing for interactions with (log) time and plotting Schoenfeld residuals. 15 All statistical analyses were performed with the use of SAS software, version 9.2 (SAS Institute), and R, version 2.15.1 (R Foundation for Statistical Computing).
We performed several sensitivity analyses, testing for interactions with glucose levels according to sex and age at study entry, investigating clinical data from participants whose data were particularly influential on model results, contracting or expanding the window for calculating the average glucose level (2 or 8 years rather than 5 years), adjusting for the presence of one or more APOE ε4 alleles, changing the parameters of the prior dis- tribution within the Bayesian framework for exposure computation (see the Methods S5 section in the Supplementary Appendix), and making additional modifications to our glucose exposure model to account for prandial status when that was indicated (see the Methods S6 section in the Supplementary Appendix).
R ESULT S
Baseline Characteristics
The baseline characteristics of the 2067 study participants are presented in Table 1 Table S4 and Figure S1 in the Supplementary Appendix.
Dementia, Alzheimer's Disease, and Glycemia
Over a median follow-up period of 6.8 years, dementia developed in 524 of the 2067 participants (25.4%), including 450 of the 1724 participants who did not have diabetes at the end of follow-up (26.1%) and 74 of the 343 participants who had diabetes at the end of follow-up (21.6%). A total of 403 participants (19.5%) had probable or possible Alzheimer's disease at the end of follow-up, 55 (2.7%) had dementia from vascular disease, and 66 (3.2%) had dementia from other causes ( Table S5 in the Supplementary Appendix).
Associations between average glucose levels in the preceding 5 years and the development of dementia are shown in Table 2 and Figure 1 . Among participants without diabetes, the risk of dementia increased with increasing glucose levels (P = 0.01 for the omnibus test). For an average glucose level of 115 mg per deciliter (6.4 mmol per liter), as compared with 100 mg per deciliter (5.5 mmol per liter), the adjusted hazard ratio for dementia was 1.18 (95% confidence interval [CI], 1.04 to 1.33). Among participants with diabetes, those with the highest levels of glucose had an increased risk of dementia (P = 0.002).
For an average glucose level of 190 mg per deciliter (10.5 mmol per liter), as compared with 160 mg per deciliter (8.9 mmol per liter), the adjusted hazard ratio for dementia was 1.40 (95% CI, 1.12 to 1.76). Table 3 shows the results of analyses of the risk of dementia associated with glucose levels averaged over the preceding 5 years or the period between 5 and 8 years earlier. Average glucose levels were highly correlated for the two time periods (r = 0.85). Including glucose levels for both periods in regression models resulted in somewhat attenuated estimates of associations between more recent elevations in glucose levels and risk of dementia.
Sensitivity Analyses
There was no evidence of effect modification according to sex for participants without diabetes (P = 0.86 for interaction) or for participants with diabetes (P = 0.72 for interaction). Similarly, there was no evidence of effect modification according to age at study entry among participants without diabetes (P = 0.84). However, there was a suggestion of possible effect modification according to age at study entry among participants with diabetes, but the effect was not significant (P = 0.13). We estimated the hazard ratios for study entry at 70 to 78 years of age for participants with diabetes (Fig. S2 in the Supplementary Appendix). An increased risk associated with both higher and lower glucose levels appeared to be especially prominent among participants who were older at study entry.
Among people without diabetes, no individual participant had data that had a particularly marked influence on model parameter estimates (see the Results S1 section and Fig. S3 in the Supplementary Appendix). Some people with diabetes did have data that had a marked influence on model parameter estimates, and we reviewed their medical records. We repeated our primary analyses after excluding data from one participant with acromegaly ( Fig. S4 in the Supplementary Appendix) and after excluding data from that participant and two other participants, each of whom had an atypical natural history of type 2 diabetes (Fig. S5 in the Supplementary Appendix) . The exclusion of these data resulted in the near elimination of the suggestion of elevated risk at the lowest glucose levels.
Additional adjustment for the APOE genotype did not change our findings (Table S6 in Supplementary Appendix). Point estimates were similar when 2-year windows of glucose exposure were used rather than 5-year windows, although the risk of dementia was significant only for participants with diabetes when the 2-year window of glucose exposure was used (Table S7 in the Supplementary Appendix). Results were similar when exposure was estimated assuming more dispersed or less dispersed prior distributions for glucose and hemoglobin A 1c (Table S8 in the Supplementary Appendix). Results were similar when we accounted for the differences between fasting and random glucose levels (Table S9 in the Supplementary Appendix). 
DISCUSSION
In this prospective, community-based cohort study, we found that higher glucose levels were associated with an increased risk of dementia in populations without and with diabetes. The findings were consistent across a variety of sensitivity analyses. These data suggest that higher levels of glucose may have deleterious effects on the aging brain. Our findings underscore the potential consequences of temporal trends in obesity and diabetes 5 and suggest the need for interventions that reduce glucose levels. Most studies that have investigated associations between glucose metabolism and the risk of dementia have focused on diabetes itself, and they have yielded inconsistent results. 4 Other studies have measured levels of glycated hemoglobin [16] [17] [18] [19] or assessed the results of glucose tolerance tests. [20] [21] [22] Many of these studies have shown relationships between elevated levels of glycated hemoglobin or postprandial (but not fasting) glucose levels and dementia-related outcomes, such as changes in hippocampal volume on neuroimaging or rates of cognitive decline. To our knowledge, no prior study has evaluated glucose levels as a time-varying phenomenon. Most of the previous studies used categorical exposure variables, such as the presence or absence of diabetes or normal versus impaired glucose tolerance.
In contrast, we used a hierarchical Bayesian model to develop a time-varying estimate of glucose levels (see the Methods S2 section in the Supplementary Appendix). This approach enabled us to incorporate clinically obtained measurements of random and fasting blood glucose and glycated hemoglobin in a single composite estimate of glucose exposure. The extensive clinical laboratory data available and the long-term follow-up of the cohort, in which there were hundreds of cases of dementia, afforded us the opportunity to evaluate the hazards associated with glucose levels using a spline model, which allowed us to evaluate risk across the entire spectrum of observed glucose levels. We found a monotonically increasing association between the glucose level and the risk of dementia among people without diabetes, which suggests that any incremental increase in glucose levels is associated with an increased risk of dementia. We P value 0.52 * Estimates were adjusted for age at study entry, study cohort, sex, educational level, time-varying measures of exercise level, average systolic and diastolic blood pressure, and status with respect to coronary artery disease, cerebrovascular disease, atrial fibrillation, treatment for hypertension, and smoking. The associations between glucose levels and the risk of dementia were modeled with the use of natural cubic splines, with separate splines for distant levels (5 to 8 years) and recent levels (up to 5 years).
The P values are based on omnibus tests of the composite hypothesis that all regression model parameters corresponding to the spline were equal to zero. As such, these P values reflect the significance for tests of the null hypothesis that there was no association between glucose level and risk of dementia, with distinct values for participants with diabetes and those without diabetes.
The New England Journal of Medicine found the same relationship between glycemia and risk of dementia among people with diabetes at the higher end of the range of glucose levels. We also found an inverse association between glucose level and risk of dementia among people with diabetes who had relatively low levels of glucose, although this association appeared to be driven by glucose levels in three participants with atypical courses of type 2 diabetes. Our findings were consistent across many sensitivity analyses, reinforcing our confidence in their reliability. Higher glucose levels may contribute to an increased risk of dementia through several potential mechanisms, including acute and chronic hyperglycemia and insulin resistance 23 and increased microvascular disease of the central nervous system. [24] [25] [26] [27] [28] Although the development of dementia in people with diabetes could have led to a deterioration in self-care, which in turn may have led to increased glucose levels, the similar relationship between glycemia and dementia in people without diabetes suggests a different causal relationship. The underlying mechanisms of the association between elevated glucose levels and dementia need to be clarified in future studies.
There are several causes of dementia, including Alzheimer's disease, vascular disease, Lewybody disease, and combinations of these disorders. 29 It is difficult to discriminate reliably among these causes, so we chose to focus this assessment on overall dementia.
The strengths of this study include the prospective community-based design, the large sample with minimal attrition, access to extensive clinical laboratory and medical records, prospective ascertainment of cases of dementia with widely used research criteria, and careful sensitivity analyses. Several limitations should be acknowledged. The possibility of confounding by unmeasured or unknown factors cannot be excluded. We were limited to available clinical laboratory measurements obtained at irregular intervals for estimates of glucose levels. Measurements of glucose and glycated hemoglobin were numerous, with an average of 17 measurements of blood glucose and 5 measurements of glycated hemoglobin available per person. We noted large differences in glycemia between people with and those without diabetes. We stratified our analyses according to diabetes status, which was determined on the basis of whether a person was receiving diabetes-related medications. Diabetes was almost certainly present for several years before the initial prescription of such medications, which means that some of the higher glucose values observed among people who were classified as not having diabetes probably reflected diabetes that had not yet been treated with diabetes-related medications. We found that increased risk was associated with higher glucose levels even at the lowest end of the glucose spectrum among people who had not received a diagnosis of diabetes, for whom increased risk was not likely to be a result of undiagnosed diabetes. Our results may not be generalizable to other ethnic groups. Many of our covariates were obtained by self-report.
In conclusion, our data provided evidence that higher glucose levels are associated with an increased risk of dementia.
